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Abstract

Acute lung injury is a frequent and treatment-limiting con-
sequence of therapy with hyperoxic gas mixtures. To deter-
mine if IL-11 is protective in oxygen toxicity, we compared
the effects of 100% O, on transgenic mice that overexpress
IL-11 in the lung and transgene (—) controls. IL-11 mark-
edly enhanced survival in 100% O, with 100% of transgene
(—) animals dying within 72-96 h and > 90% of transgene
(+) animals surviving for more than 10 d. This protection
was associated with markedly diminished alveolar-capillary
protein leak, endothelial and epithelial membrane injury,
lipid peroxidation, and pulmonary neutrophil recruitment.
Significant differences in copper zinc superoxide dismutase
and catalase activities were not noted and the levels of total,
reduced and oxidized glutathione were similar in transgene
(+) and (—) animals. Glutathione reductase, glutathione
peroxidase, and manganese superoxide dismutase activities
were slightly higher in transgene (+) as versus (—) mice
after 100% O, exposure, and IL-11 diminished hyperoxia-
induced expression of IL-1 and TNF. Hyperoxia also caused
cell death with DNA fragmentation in the lungs of trans-
gene (—) animals and IL-11 markedly diminished this cell
death response. These studies demonstrate that IL-11 mark-
edly diminishes hyperoxic lung injury. They also demon-
strate this protection is associated with small changes in
lung antioxidants, diminished hyperoxia-induced IL-1 and
TNF production, and markedly suppressed hyperoxia-induced
DNA fragmentation. (J. Clin. Invest. 1998. 101:1970-1982.)
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Introduction

Supplemental oxygen is commonly given to patients with acute
and chronic cardiovascular and pulmonary diseases in an at-
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tempt to increase alveolar and arterial oxygen tension, aug-
ment tissue oxygen delivery and minimize the adverse effects
of hypoxia. Oxygen can, however, also have detrimental ef-
fects since it is a major stimulus for the generation of reactive
oxygen species. This is an important clinical problem at toxic
oxygen concentrations (generally believed to be a fractional
inspired O, concentration above 50%). It is a pressing issue
when patients require 100% oxygen which rapidly causes acute
lung injury with endothelial cell destruction, alveolar epithelial
injury and increased pulmonary capillary permeability (1-3).
When severe, respiratory failure from the acute respiratory
distress syndrome and death (4, 5) can be seen.

Interleukin-11 (IL-11) is a 20-kD cationic member of the
IL-6-type cytokine family. It was originally described as the
molecule other than IL-6 in transformed stromal cell superna-
tants that stimulated plasmacytoma cell proliferation (6). It is
now known to be pleiotropic with a wide range of effects on
hematopoiesis, and the ability to inhibit lipoprotein lipase and
stimulate the production of immunoglobulins, the tissue inhib-
itor of metalloproteinase-1 and the acute phase response (for
review see reference 7). Recently, IL-11 has been shown to
have protective effects in the gastrointestinal tract. This was
initially described after combined chemotherapy and radiation
therapy (8, 9) and has since been noted in acetic acid—induced
colitis (9), hapten-induced colitis (10), the inflammatory bowel
disease in HLAB-27 transgenic mice (9), and ischemic colitis
(11). Studies from our laboratory (12) have shown that IL-11
can also have protective effects at extra-abdominal sites since
it enhances the survival of mice exposed to thoracic radiation.
The effects of IL-11 in the setting of other pulmonary injuries,
in particular oxygen toxicity, have not been investigated.

We hypothesized that IL-11 could ameliorate hyperoxia-
induced pulmonary injury. To test this hypothesis, we charac-
terized the O, tolerance of wild-type and transgenic mice, pre-
pared in our laboratory, in which IL-11 was overexpressed in a
lung-specific fashion. These studies demonstrate that IL-11
overexpressing mice, in comparison to their transgene (—) lit-
termates, exhibit a remarkable tolerance to the toxic effects of
hyperoxia. The transgene (+) animals manifest impressively
enhanced survival and decreased lung lipid peroxidation, neu-
trophil recruitment, alveolar-capillary protein leak and pulmo-
nary edema. They also demonstrate that this protection is as-
sociated with insignificant or small alterations in the lung
levels of important antioxidants and an impressive decrease in
hyperoxia-induced cell death and DNA fragmentation.

Methods

Generation of transgenic mice

A variety of transgenic mice were used in these studies. These mice
were generated using CBA X C57BL/6 animals and bred onto a C57
BL/6 background.



Clara cell 10-kD protein promoter (CC10)'-IL-11 mice. These
transgenic mice constitutively overexpress IL-11 in a lung-specific
fashion. The methods that were used in our laboratory to generate
these mice, the organ specificity of transgene targeting, and the
pathologic alterations induced by IL-11 have been described previ-
ously (13). Transgene (—) littermate mice were used as controls in
these experiments.

CC10-1L-16 mice. These transgenic mice use CC10 to drive the
expression of cDNA encoding IL-16 in a lung specific fashion. They
were prepared using techniques previously described by our labora-
tory (13). The IL-16 cDNA that was used was obtained from Dr.
David Center and Dr. William Cruickshank (Boston University, Bos-
ton, MA) and contained the coding sequence of IL-16 as described
previously (14). Transgene (—) littermate mice were used as controls
in these experiments.

CCl0-reverse tetracycline transactivator (rtTA)-hIL-11 mice. These
transgenic mice overexpress IL-11 in the lung in an inducible fashion.
The approaches used in our laboratory to generate these mice have
been described (15). To achieve inducibility we generated dual trans-
gene (+) animals. The first construct uses the CC10 promoter to tar-
get the rtTA of Gossen et al. (16) to the lung. The second construct
contains multimers of the tetracycline operator, minimal cytomega-
lovirus promoter and IL-11 cDNA. These animals have very low to
undetectable levels of IL-11 in their lungs at baseline and ng/ml quan-
tities after transgene induction by adding doxycycline (1 pg/ml) to the
animal’s drinking water (dox water). Transgene (—) mice on normal
and dox water and dual transgene (+) mice on normal water were
used as controls for these experiments.

Oxygen exposure

Mice were exposed to 100% oxygen in a 50 X 30 X 30 cm airtight
chamber. The fractional inspired O, concentration in the chamber
was monitored with an in-line oxygen analyzer (Vascular Technol-
ogy, Inc., Chelmsford, MA) and maintained with a constant flow of
gas (~ 3 liters/min). The mice were fed food and water ad lib and
kept on a 12 h dark-light cycle at sea level and at room temperature.
The animals were monitored at intervals for signs of respiratory diffi-
culty and killed if there were signs of respiratory distress.

Bronchoalveolar lavage

After anesthesia, a median sternotomy was performed, the trachea
was dissected free from the underlying soft tissues and a 0.6-mm tube
was inserted through a small incision in the trachea. Bronchoalveolar
lavage (BAL) was performed by perfusing the lungs in situ with 0.6 ml
PBS and then gently aspirating the fluid back. This was repeated
three times. The samples were then pooled, centrifuged and cell num-
bers and differentials were assessed. The cell-free BAL fluid was
stored at —70°C until used.

Light microscopy

Mice were anesthetized, a median sternotomy was performed, and
the trachea was dissected free and cannulated as described above.
The lungs were then perfused in situ, inflated to 20 cm water pressure
with 10% formalin in PBS (pH 7.40), removed and post-fixed in 10%
formalin in PBS for 24 h. Tissue from all lung lobes were dehydrated,
infiltrated and embedded in paraffin, and stained with hematoxylin
and eosin.

Electron microscopy

Lungs were isolated and the trachea cannulated as described above.
The lungs were then perfused in situ to 20 cm water pressure with
3.5% gluteraldehyde, post-fixed for 24 h in 3.5% gluteraldehyde and

1. Abbreviations used in this paper: BAL, bronchoalveolar lavage;
CC10, clara cell 10-kD protein promoter; DTNB, 5, 5’-dithiobis-
[2-nitrobenzoic acid]; GSH, glutathione; GSSG, oxidized glutathione;
rtTA, reverse tetracycline transactivator; TUNEL, TdT-mediated
dUTP-biotin nick end labeling.

representative areas embedded in epon. Ultrathin sections of embed-
ded tissue were prepared, stained with 2% uranyl acetate and OsO,
and examined using a Phillips EM300 electron microscope (Phillips,
Amsterdam, The Netherlands).

BAL protein and lung lipid peroxidation

BAL protein. BAL was performed as described above and BAL pro-
tein was assayed as an index of lung injury and capillary leak. Protein
quantification was accomplished using the method of Lowery.

Lung lipid peroxidation. Lungs were isolated and perfused with
ice cold 0.9% NaCl, and homogenates were prepared in ice-cold 20 mM
Tris-HCI (pH 7.40). The homogenates were then centrifuged at 3,000 g
at 4°C for 10 min and 200 pl of the supernatant was removed for the
assay. Lipid peroxidation was assessed by quantitating the interaction
of a chromogenic reagent with malonaldehyde and 4-hydroxyalkenals
(17) using the LPO-586 kit (Calbiochem Corp., San Diego, CA).
Data was expressed as mM of products of lipid peroxidation in 200 pl
of a 20% wt/vol solution of lung homogenate.

Assessments of antioxidants

Superoxide dismutase (SOD). The SODs were assayed using the gel
electrophoresis method of Beauchamp and Fridovich (18). This assay
is based on the ability of SOD in a polyacrylamide gel to inhibit the
reduction of nitro-blue tetrazolium by superoxide anion generated
using photochemically reduced riboflavin. Lung homogenates were
prepared in 3 ml potassium phosphate buffer and 1.0 mM EDTA,
sonicated for 3 min and centrifuged at 15,000 g. Equal amounts of su-
pernatant protein were run in a 10% polyacrylamide gel until the bro-
mophenol blue marker dye came off the end of the apparatus. The gel
was then placed in a solution of 2.45 X 1073 M nitroblue tetrazolium
for 20 min, immersed in a TEMED, riboflavin, and potassium phos-
phate solution for 15 min, and illuminated with a 15 W fluorescent
light for 15 min. During illumination the gels become uniformly blue
except for areas containing SOD. Purified Escherichia coli Mn-SOD
and bovine erythrocyte CuZn-SOD were used to generate standard
curves from which lung extract Mn-SOD and CuZn-SOD activities
were measured.

Total glutathione. The concentrations of total glutathione and its
components, reduced glutathione (GSH) and glutathione disulfide
(oxidized glutathione; GSSG) were obtained using the enzymatic re-
cycling assay as described by Griffith (19). Frozen samples of lung
were homogenized in 10% 5-sulfosalicylic acid and centrifuged at 800 g
for 30 s to remove cell debris. The supernatant was added to a reac-
tion mixture containing glutathione reductase, NADPH, and 5, 5'-
dithiobis-[2-nitrobenzoic acid] (DTNB). The reduction of DTNB was
measured at 412 nm, and results compared with a GSH standard
curve. GSH is inactivated by derivitization with 2-vinylpyridine. By
performing this derivitization before measuring DTNB reduction,
GSSG levels could be selectively determined and GSH levels calcu-
lated.

Catalase, glutathione reductase, and glutathione peroxidase. Lung
tissue was diluted fourfold with sucrose buffer, gently homogenized
with a polytron at low speed, then microfuged for 30 s to remove all
debris. The resulting homogenate was aliquoted into 100 pl samples
for each enzyme assay and frozen on dry ice or used immediately. All
measurements were standardized per milligram of protein. Control
curves were generated using purified purchased enzymes (Sigma
Chemical Co., St. Louis, MO).

Catalase activity was determined by following the decomposition
of H,0, over time. This was performed by adding H,O, to lung ex-
tracts and making repeated measurements of absorbance at 240 nm
as described by Aebi (20).

Glutathione peroxidase oxidizes GSH to GSSG in the presence of
H,0,. As described by Flohe and Gunzler (21) the glutathione perox-
idase activity was determined by adding lung homogenate to a reac-
tion mixture containing excess GSH (1 mM) and 1 mM sodium azide
to inhibit endogenous catalase. The reaction was started by adding 1 mM
H,0,, and after 1 min stopped with 10% 5-sulfosalicylic acid. The re-
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maining GSH was derivatized with 2-vinylpyridine and GSSG deter-
mined by measuring DTNB reduction as described above.

Glutathione reductase converts GSSG to GSH in an NADPH-
dependent reaction. Using the method of Bellomo et al. (22), glu-
tathione reductase was determined by adding lung homogenate to a
pH 7.0 buffer containing 50 puM GSSG, then measuring the oxidation
of NADPH spectrophotometrically at 340 nm.

Isolation and detection of RNA

mRNA levels were quantitated by Northern blot analysis. Briefly,
mice were anesthetized as above, the right heart perfused with ice
cold PBS (pH 7.40), and the lungs removed and homogenized in TRI-
zol Reagent (Life Technologies, Gaithersburg, MD). Total RNA was
then obtained by processing the tissues according to the manufac-
turer’s specifications. When mRNA was employed it was isolated us-
ing the Oligotex mRNA kit (QIAGEN, Inc., Chatsworth, CA). Equal
amounts of total or poly A+ enriched RNA were electrophoresed in
1% agarose, 17% formaldehyde gels in a 20 mM 3-[N-Morpholino]-
propanesulfonic acid (Mops) running buffer and then transferred to a
nitrocellulose membrane and baked at 60°C for 2 h. The levels of
mRNA for specific proteins were assessed by hybridization with 32P-
labeled mouse cDNA probes encoding Mn-SOD (a gift from Dr. Ye-
Shih Ho, Wayne State University, Detroit, MI), IL-18 and TNF-«
(American Type Culture Collection, Rockville, MD) as described
previously (12). Radiolabeled mRNA was visualized by autoradiog-
raphy and densitometry.

Quantification of bronchoalveolar lavage proteins

The IL-1B and TNF-a in BAL fluid were quantitated with ELISA
kits (Endogen, Cambridge, MA) using the instructions provided by
the manufacturer.

Measurement of DNA fragmentation

DNA fragmentation was quantified using the TdT-mediated dUTP-
biotin nick end labeling (TUNEL) method and by demonstrating
DNA disruption with gel electrophoresis.

TUNEL method. This technique employs fragment end labeling
of exposed 3’-OH ends of DNA in paraffin embedded tissue. Cells
were labeled with the TdT Blue label (Trevigen, Gaithersburg, MD)
using the instructions provided by the manufacturer. This stain al-
lowed all nuclei to be easily visualized. After staining, five fields of al-
veoli were randomly chosen and 500 nuclei were counted. The la-
beled cells was expressed as a percentage of total nuclei.

Gel electrophoresis. DNA was isolated from the lungs of trans-
gene (+) and transgene (—) mice as previously described (13). The 3’
ends of purified DNA were labeled with [**P]dCTP using the klenow
fragment of DNA polymerase 1. Equal quantities of DNA were
loaded and run on 2% agarose gels. Autoradiography was used to
demonstrate DNA damage. The size of the DNA fragments were
compared with a DNA sizing ladder that was run in a nearby lane
(100 bp DNA ladder; GIBCO BRL, Gaithersburg, MD).

Statistical analysis

Data are expressed as means=SEM. Normally distributed data were
assessed for significance by Student’s ¢ test or ANOVA as appropri-
ate. Data that were not normally distributed were assessed for signifi-
cance by the Fisher’s exact rank sum test. Differences in survival be-
tween transgene (+) and transgene (—) animals were assessed using
X* analysis.

Results

Effect of IL-11 on survival. To determine if IL-11 has the abil-
ity to ameliorate O, toxicity we compared the survival of
CC10-IL-11 mice and their wild-type littermate controls in
100% O,. In keeping with the observations of others (2, 23,
24), all of the transgene (—) littermate control mice died
within 72 h of the initiation of 100% O,. In contrast, the trans-
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Figure 1. Survival of CC10-IL-11 mice exposed to 100% O,. Com-
parisons are made of transgene (+; triangles) and (—; squares) litter-
mate animals. Each value illustrates the percent survival of 20 mice.

gene (+) mice were remarkably tolerant to 100% O, (Fig. 1).
All the transgene (+) animals survived for at least 8 d in 100%
0O, and > 90% of these animals survived for 10 d or more in
this hyperoxic environment (P < 0.001) (Fig. 1). During their
time in 100% O, the transgene (+) animals exhibited normal
behavior and normal levels of activity.

Specificity of the effects of IL-11. Studies were undertaken
to determine if the enhanced survival of CC10-IL-11 animals
was the result of the IL-11 transgene or some other aspect of
the transgenic system. This was done by determining if similar
levels of protection were seen when the identical transgenic
system was used to express an IL-16 transgene. The CC10-
IL-16 transgene (+) mice were as sensitive to 100% O, as the
transgene (—) mice with 100% surviving < 90 h in 100% O,
(data not shown). Thus, the enhanced survival of the CC10-
IL-11 mice is the result of the IL.-11 transgene and is not the re-
sult of the CC10 transgene, the insertion of plasmid DNA into
the mouse genome or the expression of human proteins in the
mouse lung.

Effect of IL-11 on pulmonary histology and ultrastructure.
To address the mechanism(s) of IL-11-induced protection in
the setting of 100% O,, we compared the gross pathologic fea-
tures, microscopic features, and ultrastructural features of the
lungs of transgene (+) and (—) CC10-IL-11 mice exposed to
100% O,. Grossly, hyperoxia caused the lungs of the transgene
(—) animals to become hemorrhagic and boggy. These alter-
ations were present after as little as 48 h of 100% O, exposure.
In contrast, transgene (+) animals had normal appearing pleu-
ral surfaces and their lungs were not boggy and did not contain
hemorrhage (data not shown). Microscopically, after 72 h in
100% O,, the lungs of transgene (—) animals manifest gross
pulmonary edema. Hyaline membranes were also appreciated.
Pulmonary edema and hyaline membranes were not appreci-
ated in the CC10-IL-11 animals at similar time points (Fig. 2
and data not shown).

Even with severe hyperoxia-induced lung injury, alterations
in individual cells can be difficult to appreciate by light micros-
copy (1, 25). However, blebbing and degeneration of alveolar



Figure 2. Histologic and ul-
trastructural comparisons of
transgene (—) and transgene
(+) animals after exposure to
100% O, for 72 h. The light
microscopic studies are in A
and B and the electron mi-
croscopic studies are in C and
D. The hyaline membranes
can be readily seen by light
microscopy in the alveoli of

transgene (—) animals (solid

arrow, A), but not transgene
(+) animals (B). C illus-
trates the bleb formation and
membrane ruffling (solid ar-
rowhead), hyaline mem-
brane material (hollow ar-
rowhead), and granulocytes
(asterisk) in the lungs of
transgene (—) animals. In
contrast, alveolar type II
(solid arrow) and type 1
(hollow arrow) cells from
transgene (+) animals have
normal appearing mem-
branes (D).

epithelial cell and endothelial cell membranes can be readily
appreciated by electron microscopy (2). Similar findings were
noted in our studies. Cell damage manifest as membrane ruf-
fling and bleb formation was readily appreciated in the lungs
of the transgene (—) animals after as little as 48 h of hyperoxic
exposure (Fig. 2). In contrast, the membranes of the transgene
(+) animals had a normal ultrastructural appearance, even af-
ter 8-10 d of 100% O, (Fig. 2 and data not shown).

Effect of IL-11 on alveolar—capillary protein leak. To fur-
ther characterize the protective effects of IL-11, we compared
the levels of protein in the BAL fluids from the transgene (+)
and transgene (—) animals at intervals before and after the ini-
tiation of the hyperoxic exposure. At baseline the levels of
BAL protein were similar in the transgene (+) and (—) mice
(Fig. 3). In contrast, impressive differences were noted after
O, administration. These differences were readily appreciated
after 48 h of O, exposure and even more prominent after 72 h
of hyperoxia. At the latter time point, transgene (—) and trans-
gene (+) animals had BAL protein concentrations of 2,900+
446 pg/ml and 250+71 pg/ml, respectively (P < 0.005; Fig. 3).

Effect of IL-11 on BAL cellularity and differential. Oxygen
toxicity is associated with an influx of neutrophils into the lung
(26, 27). To assess the impact of IL-11 on hyperoxia-induced
cellular alterations, we compared the BAL cell counts and dif-
ferentials of CC10-IL-11 transgene (+) and transgene (—) an-
imals before and after exposure to 100% O,. At baseline, simi-
lar levels of BAL cellularity were seen in the transgene (+)
and (—) animals (Fig. 4 A). In addition, comparable hyper-
oxia-induced increases in BAL cellularity were seen in the
transgene (+) and (—) animals. In both groups BAL cell
counts increased by ~ 300% over the 72 h exposure (Fig. 4 A).

The cellular differentials were also similar at baseline in the
transgene (—) and (+) mice (Fig. 4, B-D). Impressive differ-
ences were noted, however, after O, exposure. 100% O,
caused a significant increase in BAL neutrophils in the trans-
gene (—) animals, but not in the transgene (+) animals (Fig.

4000 -

3000 - .

0 ' . .
0 2 4 6 8 10

Days of Hyperoxia

Figure 3. BAL protein content of transgene (—) and (+) mice. BAL
was performed on CC10-IL-11 transgene (—; triangles) and transgene
(+; circles) mice at the noted time points before and after exposure to
100% O,. The levels of BAL protein were assessed as described in
Methods. The values represent the mean+SEM of determinations
performed on six animals at each time point. (*P < 0.05 versus trans-
gene [+] animals at the same time point.)
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4 B). This difference could be appreciated after as little as 24 h
of exposure to 100% O, (Fig. 4 B). After 72 h of hyperoxia,
similarly impressive differences were noted with transgene (—)
and (+) animals having 128.4 X 10°%=36 X 10° and 34 X
103+13.4 X 10° neutrophils recovered in BAL fluid, respec-
tively (P < 0.005). Exposure to 100% O, also caused small, but
significant, increases in the number of lymphocytes recovered
in BAL fluid from both transgene (+) and (—) mice. The lev-
els in the BAL fluid of the transgene (+) animals were, how-
ever, significantly greater than those in the transgene (—) ani-
mals (Fig. 4 C) (P < 0.05). After 72 h in 100% O,, the number
of lymphocytes in the BAL fluid of the transgene (—) animals
returned toward baseline. In contrast, a further increase in
BAL lymphocyte numbers was appreciated in the transgene
(+) animals. Interestingly, comparable alterations in BAL
macrophage numbers were not noted since similar numbers of
macrophages were recovered by BAL in transgene (+) and
(—) animals after 100% oxygen exposure (Fig. 4 D). When
viewed in combination, these studies demonstrate that the tar-
geted expression of IL-11 in the lung alters the types of leuko-
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Figure 4. Cells in BAL fluid from transgene
(—) and transgene (+) animals. Transgene (+)
CC10-IL-11 mice (hatched bars) and control
littermate mice (solid bars) were evaluated at
intervals before and after exposure to 100%
O,. The total number of cells (A), total number
of neutrophils (B), total number of lympho-
cytes (C), and total number of macrophages
(D) in the BAL fluids were quantitated. The
noted values represent the mean+SEM of at
least six animals at each time point. (B and C,
*P < 0.05 compared with transgene [—] ani-
mals at corresponding time points.)

-

cytes that accumulate in the air spaces of the lung after expo-
sure to 100% O,. Specifically, IL-11 minimizes granulocyte
accumulation while simultaneously augmenting lymphocyte
accumulation.

Effect of IL-11 on lung lipid peroxidation. The toxic effects
of O, are mediated, in part, by lipid peroxidation. To gain in-
sight into the mechanism(s) of IL-11-induced protection we
compared the levels of lipid peroxidation in lung homogenates
from CC10-IL-11 transgene (+) and transgene (—) littermate
mice before and after exposure to 100% O,. Lipid peroxida-
tion was assessed by measuring the total levels of malonalde-
hyde and 4-hydroxyalkenals. The levels of lipid peroxidation
in the lungs of transgene (—) animals increased with time in
100% O, (Fig. 5). In contrast, the levels of lipid peroxidation in
the lungs of the transgene (+) mice after 72 h of exposure to
100% O, were not significantly different from the levels at
baseline. In addition, the levels of lipid peroxidation in the
transgene (+) animals were significantly lower than those in
the transgene (—) animals before and at all time points after
the initiation of the hyperoxic exposure (Fig. 5; P < 0.005 at all
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Figure 5. Lipid peroxidation in the lungs of transgene (+) and trans-
gene (—) mice. CC10-IL-11 transgene (+; triangles) and (—; squares)
mice were evaluated before and after exposure to 100% O,. Total
lung lipid peroxidation was assessed as described in Methods. Values
represent the mean+SEM of at least six animals at each time point.
(*P < 0.005 compared with transgene [+] animals at corresponding
time point.)

time points). This demonstrates that the levels of basal lipid
peroxidation and the degree of hyperoxia-induced lipid perox-
idation were significantly lower in CC10-IL-11 transgene (+)
animals as compared with their transgene (—) littermate con-
trols.

Effect of IL-11 on antioxidant enzymes. Aerobic biologic
systems have evolved several endogenous antioxidant defense

Transgene -

<— Mn SOD
<+ CuZn SOD

Transgene +

Figure 6. Mn-SOD and CuZn-SOD activities in lungs of CC10-1L-11
transgene (+) and transgene (—) mice. Lungs were isolated from
transgene (+) and transgene (—) mice before and at intervals after
exposure to 100% O,. The Mn-SOD and CuZn-SOD activities in
these lungs were then assessed by gel electrophoresis as described in
Methods. One or two representative transgene (—) and transgene
(+) animals are illustrated at each time point.

mechanisms to combat oxidative stress. These defense mecha-
nisms include the superoxide dismutases (28), the redox cy-
cling of glutathione (29), and catalase (30). To address the pos-
sibility that alterations in these protective pathways might be
responsible for the protection induced by IL-11, we compared
these pathways in the lungs of transgene (—) and transgene
(+) mice before and after exposure to 100% O,. Significant
differences in the CuZn-SOD activities were not noted at any
time point (Fig. 6). Similarly, the baseline levels of Mn-SOD
activity and mRNA were similar in the lungs from transgene (—)
and transgene (+) mice. (Figs. 6 and 7). In contrast, the levels
of Mn-SOD activity in transgene (+) lungs were ~ 1.5-2-fold
higher than the levels in transgene (—) lungs after exposure to
100% O, for 48-72 h (Fig. 6). 100% O, caused a modest in-
crease in whole lung MnSOD mRNA (data not shown). The
magnitude of this effect, however, was small compared with
the ability of IL-11 and 100% O, to interact in the stimulation
of Mn-SOD mRNA. This interaction can be readily appreci-
ated in Fig. 7, which demonstrates that the multiple mRNA
transcripts that encode Mn-SOD are impressively augmented
in lungs from transgene (+) animals after 48-72 h of 100% O,
exposure.

Transgene - Transgene +

Mn-SOD

0 1

Ethidium Bromide

Figure 7. Mn-SOD mRNA in CC10-IL-11 mice. Lungs were ob-
tained from transgene (—) and (+) mice before and at intervals after
exposure to 100% O, for the noted periods of time. Total lung
mRNA was isolated and Mn-SOD mRNA assessed as described in
Methods.
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At baseline, the levels of total, reduced and oxidized glu-
tathione, and the activities of catalase, glutathione peroxidase,
and glutathione reductase were similar in the lungs of trans-
gene (+) and transgene (—) animals (Fig. 8 and data not
shown). In addition, exposure to 100% O, did not significantly
alter the levels of total, reduced, or oxidized glutathione or the
levels of catalase activity in these animals (Fig. 8 and data not
shown). However, exposure to 100% O, decreased the glu-
tathione reductase activity in the lungs of transgene (—) but
not transgene (+) animals (Fig. 8). As a result the glutathione
reductase activity in the lungs from the transgene (+) animals
was approximately twofold higher than that in the transgene
(—) mice after 72 h of 100% O, exposure (P < 0.05). Hyper-
oxia also augmented the glutathione peroxidase activity in
lungs from transgene (+) but not transgene (—) animals.
These changes, although statistically significant, were of mod-
est (less than twofold) magnitude (Fig. 8).

Allin all, these studies demonstrate that transgene (+) and
transgene (—) animals have similar levels of CuZn-SOD and
catalase activity before and after exposure to 100% O,. They
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Figure 8. Antioxidant activities in transgene
(—) and transgene (+) mice. Lungs were iso-
lated from transgene (+; hatched bars) and (—;
solid bars) mice before and at intervals after
exposure to 100% O,. Whole lung glutathione
peroxidase activity (A), glutathione reductase
activity (B), catalase activity (C), and total glu-
tathione content (D) were evaluated as de-
scribed in Methods. The noted values repre-
sent the mean*=SEM of evaluations in at least
six animals at each time point. (*P < 0.05 com-
pared with transgene [—] animals at same time
point).

also demonstrate that IL-11 does not alter the levels of total,
reduced and oxidized glutathione but does induce small in-
creases in glutathione reductase, glutathione peroxidase, and
Mn-SOD activities after 100% O, exposure.

Effect of IL-11 on IL-1 and tumor necrosis factor induc-
tion. When properly administered, IL-1 and TNF-a can pro-
tect against O, toxicity (31-35). Thus, studies were undertaken
to determine if the protective effects of IL-11 could be medi-
ated by the ability of IL-11 to stimulate the production of these
important cytokines. This was done by comparing the expres-
sion of IL-1 and TNF in the lungs of these animals before and
after O, administration. At baseline the levels of IL-18 and
TNF in the BAL fluid of transgene (—) and transgene (+)
mice did not differ from one another and were near the limits
of detection with our assays (Fig. 9). Similarly, the basal levels
of IL-1B and TNF mRNA in the lungs of these animals were
difficult to detect with the techniques that were employed and
important differences between transgene (+) and (—) animals
could not be appreciated (data not shown). In accord with
prior reports in the literature (36) 100% O, induced the ex-
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Figure 9. Quantification of the levels of IL-1B3 and TNF protein in the
BAL fluid of CC10-IL-11 mice. BAL was performed on transgene
(+; hatched bars) and transgene (—; solid bars) mice before and at in-
tervals after exposure to 100% O,. The levels of IL-13 (A) and TNF
(B) in these BAL fluids were then quantitated by ELISA. Each value
represents the mean+SEM of determinations involving at least six
animals. (*P < 0.05 versus transgene [+] animals at same time point.)

pression of IL-18 and TNF mRNA and protein in the lungs
from transgene (—) animals (Fig. 9 and data not shown). These
responses were blunted, however, in the transgene (+) ani-
mals demonstrating that IL-11 inhibits the production of IL-1
and TNF in this setting. When viewed in combination, these
studies demonstrate that IL-11 does not induce the expression
of IL-1B or TNF in a fashion that could allow these cytokines
to contribute to the protective effects of IL-11 in hyperoxic
pulmonary injury.

Effect of IL-11 on hyperoxia-induced DNA fragmentation.
To further understand the mechanism(s) of IL-11-induced
protection, TUNEL staining and DNA laddering were used to
compare the levels of DNA fragmentation in the lungs of
100% O, exposed transgene (—) and transgene (+) littermate
mice. The experiments performed using TUNEL staining re-

vealed prominent hyperoxia-induced nuclear staining in the
lungs of transgene (—) animals. Nuclear staining could also be
appreciated in the lungs of the transgene (+) animals but at a
much lower level. This difference was most prominent after 72 h
of exposure to 100% O,. At this time point, 55.3+5.5% of the
cells in the lungs from the transgene (—) animals manifest
DNA fragmentation as versus 16.5£5.5% of the cells in the
lungs from the transgene (+) mice (P < 0.01; Fig. 10). Similar
findings were obtained with the assays of DN A laddering since
DNA fragmentation was a prominent finding in the lungs from
the transgene (—), but not the transgene (+) mice, after 72 h
of exposure to 100% O, (Fig. 11). These studies demonstrate
that 100% O, induces impressive DNA fragmentation in nor-
mal lungs and that IL-11-induced protection in oxygen toxicity
is associated with a marked diminution in this response.

Importance of morphologic alterations in IL-11-induced
protection. The CC10-IL-11 mice manifest airway remodeling
with subepithelial fibrosis, peribronchiolar nodules, and large
alveoli (13, 15). Thus, studies were undertaken to determine
whether these morphologic abnormalities were responsible for
the protective effects of IL-11. This was done by using an in-
ducible lung-specific overexpression transgenic system devel-
oped in our laboratory (15). This system is based on the gener-
ation of dual transgenic mice. In the first construct the CC10
promoter is used to target rtTA to the airway. In the presence
of doxycycline, rtTA binds to and transcriptionally activates
the second construct that contains an IL-11 cDNA. In the ab-
sence of doxycycline, dual transgene (+) animals have very
low to undetectable levels of BAL IL-11. Within 48 h of the
addition of doxycycline to the animals’ drinking water, signifi-
cant levels of IL-11 could be appreciated.

In these experiments we compared the survival of trans-
gene (—) animals on normal water, dual transgene (+) animals
receiving normal water and transgene (—), and dual transgene
(+) animals that had received water with doxycycline (dox wa-
ter) for 1 wk. The 1-wk time point was chosen because we have
noted previously that short periods of IL-11 production (up to
10 d) in adult CC10-rtTA-hIL-11 mice did not cause significant
morphologic alterations (15). In accord with our previous find-
ings, the transgene (—) animals on normal water or dox water
died within 72-96 h of the administration of 100% O, (Fig. 12).
In addition, dual transgene (+) animals receiving normal wa-
ter had a modest but insignificant increase in survival, dying
between 72-120 h after the administration of 100% O, (Fig. 12).
In contrast, dual transgene (+) animals receiving dox water
manifest significantly enhanced survival in 100% O, with ~ 60%
of these animals surviving greater than 6 d and many animals
surviving 7 d of 100% O, exposure (P < 0.05). These studies
demonstrate that the impressive ability of CC10-IL-11 animals
to tolerate 100% O, can not be attributed solely to the morpho-
logic alterations caused by the transgenic expression of IL-11.

Discussion

To determine if IL-11 has protective effects in the setting of
hyperoxic lung injury, we compared the survival and injuries
induced by 100% O, using transgenic mice that constitutively
or inducibly overexpress IL-11 in the lung and appropriate lit-
termate controls. In these studies we demonstrate, for the first
time, that IL-11 is protective in this setting. This protection
manifested as enhanced survival and was associated with a sig-
nificant decrease in hyperoxia-induced endothelial cell and epi-
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Figure 10. Effect of IL-11 on cellular DNA
fragmentation. CC10-IL-11 transgene (—)
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thelial cell membrane injury, granulocyte infiltration, alveolar-
capillary protein leak, and lipid peroxidation. These studies
also demonstrate that IL-11 administration was not associated
with significant alterations in lung catalase, or Cu-Zn SOD ac-
tivities or the levels of total, reduced or oxidized glutathione.
IL-11 expression was, however, associated with small alter-
ations in lung Mn-SOD, glutathione reductase and glutathione
peroxidase activities and decreased hyperoxia-induced TNF
and IL-1 production. Importantly, they also demonstrate that
hyperoxia-induced lung injury is associated with impressive
levels of respiratory cell death and DNA fragmentation and
that IL-11 overexpression markedly diminishes this cellular re-
sponse in pulmonary structures.

An interesting question is raised in these studies that re-
lates to the sites of hyperoxic injury and IL-11 production in
our mice. The alveolar epithelium and endothelium are pre-
sumed to be the cells that are most sensitive to hyperoxic in-
jury. The CC10 promoter, in contrast, has been presumed to
target proteins to airway Clara cells. Thus, it is surprising that
CC10 promoter-driven IL-11 confers protection in the setting
of hyperoxia. There are, however, at least two ways that IL-11
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and transgene (+) mice were exposed to
100% O, for 72 h. DNA fragmentation was
then evaluated using the TUNEL assay de-
scribed in Methods. A and B are represen-
tative photomicrographs illustrating the
levels of nuclear staining in transgene (—)
and (+) lungs respectively at low power
(X31.2). C and D are representative photo-
micrographs illustrating the levels of nu-
clear staining in transgene (—) and (+)
lungs respectively photographed at high
power (X125). The overall levels of apop-
tosis after 72 h of exposure to 100% O, are
illustrated in E. The values in this panel
represent the mean+SEM of the nuclear
staining in six transgene (+) and (—) lungs
respectively.

could reach the alveolus. The first relates to the significant lev-
els of IL-11 that can be found in the BAL fluid of these trans-
genic animals (13). It is possible that IL-11 flows distally into
the alveolus where it mediates its protective effects. Alterna-
tively, the CC10 promoter may not be absolutely specific in its
protein targeting. In some circumstances, CC10 can also ex-
press weakly in alveolar epithelial cells. Thus, IL-11 may also
be produced directly at sites of alveolar injury. Support for the
latter possibility comes from studies from our laboratory dem-
onstrating that CC10-IL-11 transgene (+) mice have defects
in alveolar development compatible with local IL-11 elabora-
tion (15).

A characteristic pattern of injury occurs in animals exposed
to a hyperoxic environment. It includes endothelial and epi-
thelial membrane damage, enhanced alveolar-capillary perme-
ability with pulmonary edema, membrane lipid peroxidation,
and the recruitment of granulocytes to respiratory structures
(23, 24, 37). These alterations are felt to result, in great extent,
from the excessive production/accumulation of oxygen free
radicals (38). Since IL-11 ameliorated each of these manifesta-
tions, studies were undertaken to determine whether the ef-
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Figure 11. Comparison of DNA fragmentation in transgene (—) and
transgene (+) mice induced by 100% O,. CC10-IL-11 transgene (+)
mice and transgene (—) littermate controls were exposed to 100% O,
for 72 h. Their lungs were then removed, total lung DNA was isolated
and DNA laddering was assessed as described in Methods. DNA
from two representative transgene (—) and transgene (+) mice are
shown. The DNA sizing ladder is in the right most column. Sites of
prominent DNA fragments are highlighted with the solid arrows. The
hollow arrow highlights a DNA fragment that can be appreciated
with a longer autoradiographic exposure.

fects of IL-11 could be mediated by IL-11-induced alterations
in respiratory antioxidant defense mechanisms. The SODs are
an important first line of oxidative defense (39), which dismu-
tate superoxide anions to H,O,. H,O, is then neutralized to
water by catalase (28). At baseline and after 100% O, expo-
sure, similar levels of catalase and CuZn-SOD activities were
noted in lungs from transgene (+) and transgene (—) animals.
At baseline the levels of Mn-SOD activity were also similar in
the lungs from transgene (—) and transgene (+) mice. After
exposure to 100% O, the levels of Mn-SOD activity in lungs
from transgene (+) animals were slightly higher than in the
lungs from transgene (—) mice. IL-11 also interacted with hy-
peroxia to cause a significant increase in lung Mn-SOD
mRNA accumulation. When viewed in combination, these
studies demonstrate that the effects of IL-11, in this system,
are mediated by a mechanism that is largely independent of al-

terations in lung CuZn-SOD and catalase and associated with
small-modest alterations in Mn-SOD. It is important to point
out, however, that these studies do not rule out the possibility
that there are significant alterations in these antioxidants in
small numbers of cells in transgene (+) mice that can not be
detected in our assays. The biologic significance of the Mn-
SOD alterations must also be questioned since in accord with
the known translational and post-translational regulation of
Mn-SOD (40), we noted that IL-11 plus hyperoxia caused im-
pressive increases in Mn-SOD mRNA and only small alter-
ations in Mn-SOD activity. Additional experimentation will be
required to address both of these issues.

Another important defense against oxidative stress is the
redox cycling of glutathione (29). Glutathione reduces H,O,,
eliminates several lipid peroxides, and reactivates antioxidant
enzymes (41, 42). Cells normally maintain a high ratio of re-
duced to oxidized glutathione via the activities of glutathione
peroxidase and glutathione reductase. In our studies the activi-
ties of glutathione reductase and glutathione peroxidase were
similar in transgene (—) and transgene (+) mice at baseline. In
contrast, the activities of both enzymes were increased in
transgene (+) as versus transgene (—) mice after 72 h of 100%
O, exposure. The importance of these alterations is open to
question because the magnitude of each alteration was mod-
est, and the alterations were not associated with a statistically
significant difference in the pulmonary GSH/GSSG ratios. In
addition, the alterations in glutathione peroxidase, the rate-
limiting enzyme in this pathway, were not seen until the ani-
mals received 100% O, for 72 h. Hyperoxia-induced injury and
IL-11-mediated protection were readily appreciated after
shorter (24-48 h) exposures to 100% O,. These findings, how-
ever, cannot be totally discounted since increases in glu-
tathione—peroxidase activity have been implicated in the resis-
tance to hyperoxia seen in older versus younger rodents (43)
and increases in glutathione reductase may play a role in en-
dotoxin induced resistance to O, (44).
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Figure 12. Survival of CC10-rtTA-hIL-11 transgenic mice in 100%
O,. CC10-rtTA-hIL-11 transgenic mice and appropriate controls
were exposed to 100% O, and survival was evaluated as described in
Methods. Comparisons are made of transgene (—) animals receiving
normal water (circles), transgene (—) animals receiving Dox H,O (di-
amonds), dual transgene (+) animals receiving normal H,O (trian-
gles) and dual transgene (+) animals receiving Dox H,O (squares).
The noted values represent the percentage survival of 12 animals at
each time point.
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Exogenously administered TNF and IL-1 have both been
shown to increase pulmonary oxygen tolerance. The protective
effects of these cytokines are associated with the induction of
Mn-SOD but not CuZn-SOD in vivo (31-33, 45). To deter-
mine if the protective effects of IL-11 are mediated via the
ability of IL-11 to induce the production of these cytokines,
the levels of IL-1 and TNF in the BAL fluid of transgene (+)
and transgene (—) animals at baseline and after 100% O, ex-
posure were quantitated. IL-11 did not stimulate IL-1 or TNF
production in transgene (+) animals. In keeping with the find-
ings of others (36, 46, 47), 100% O, stimulated pulmonary
TNF and IL-18 mRNA and protein in transgene (—) animals.
Interestingly, IL-11 was a potent inhibitor of these inductive
responses. This is in keeping with prior reports from our labo-
ratory (12) and others (48) demonstrating that IL-11 is a po-
tent inhibitor of macrophage TNF and IL-1 elaboration. These
studies demonstrate that the protective effects of IL-11 are not
mediated via the ability of IL-11 to stimulate the production of
IL-1 or TNF. They do, however, raise the possibility that the
protective effect of IL-11 may be mediated, in part, by the abil-
ity of IL-11 to inhibit 100% O,-induced TNF elaboration. The
latter will require additional investigation, however, since
there is controversy in the literature with some investigators
reporting that O,-induced TNF is involved in (36) or not in-
volved in (46) the pathogenesis of pulmonary oxygen toxicity.

Neutrophil infiltration in hyperoxic pulmonary injury is
well described (49). This inflammatory cell migration coincides
with endothelial cell injury suggesting that pulmonary oxygen
toxicity is, in part, neutrophil-mediated (27, 50). An interesting
finding in our studies was the ability of IL-11 to inhibit neutro-
phil infiltration into pulmonary structures after exposure to
100% oxygen. This observation suggests that the protective ef-
fects of IL-11 may be mediated, at least in part, by the ability
of IL-11 to inhibit neutrophil influx. This speculation is in ac-
cord with a variety of other therapeutic interventions, which
improve oxygen tolerance while diminishing pulmonary neu-
trophil accumulation (51, 52). In evaluating this hypothesis it is
important to keep in mind that cause and effect are difficult to
differentiate in these experiments. IL-11 may inhibit neu-
trophil recruitment, which may decrease lung injury. Alter-
natively, IL-11 may decrease lung injury that can, in turn,
decrease neutrophil recruitment. It is also important to appre-
ciate that protective effects of IL-11 can be seen in the absence
of neutrophil infiltration. For example, the levels of lipid per-
oxidation in the lungs of transgene (+) animals were signifi-
cantly lower than in the lungs of transgene (—) animals before
100% O, was administered. Thus, even if IL.-11-mediated inhi-
bition of neutrophil infiltration is biologically important, it is
likely to be only one of a number of processes mediating the
protective effects of IL-11 in this injury state.

In most forms of tissue injury cells die via necrosis (53). In
necrosis there are early changes in mitochondrial shape and
function and the cell rapidly becomes unable to maintain inter-
nal homeostasis. As a result, the cell swells and bursts and its
contents are spilled into surrounding tissue spaces where they
evoke an inflammatory response (53). In contrast, apoptosis,
or programmed cell death, is considered to be an operationally
and mechanistically distinct cell death response (53-55). Cells
underlying apoptosis have a characteristic morphologic ap-
pearance and activated endogenous endonucleases that cleave
host chromatin into oligonucleosome-length DNA fragments
(54, 55). This characteristic DNA fragmentation pattern has
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been used as a marker for the activation of apoptotic pathways
in vivo and in vitro (38, 53-56). To further understand the
mechanism(s) by which hyperoxia induces pulmonary injury,
studies were undertaken to determine whether DNA fragmen-
tation could be detected in the lungs of 100% O, exposed
transgene (—) animals. These studies demonstrated impressive
levels of DNA fragmentation with both the TUNEL and DNA
laddering techniques. These findings are in accord with the ob-
servations of others (38) and support the contention that apop-
tosis plays an important role in the pathogenesis of hyperoxic
lung injury (38). This conclusion must be looked at with cau-
tion, however, because it has been noted recently that the dis-
tinction between necrosis and apoptosis may not be as crisp as
previously thought. Specifically, endonuclease activation and
apoptosis-like DNA laddering can be seen in cells undergoing
necrosis (55, 56) and known inducers of apoptosis (such as Fas
antibodies) can cause cells to die via necrosis in well-defined
circumstances (56). In addition, the same population of cells
can be induced to undergo apoptosis or necrosis by different
doses of the same triggering stimulus (53). Thus, additional in-
vestigation will be required to define the extent to which apop-
tosis and/or necrosis contribute to the DNA fragmentation
that was noted and the overall pathogenesis of oxygen toxicity.

An interesting finding in our studies was the demonstration
that IL-11 diminished DNA fragmentation in the lungs of mice
exposed to 100% O,. This is in keeping with prior reports dem-
onstrating that IL-11 decreases apoptosis in interstitial crypt
cells after cytoablative therapy (54) and bowel ischemia (11).
These studies are the first to demonstrate that oxygen toxicity
is ameliorated by interventions that simultaneously alter DNA
degradation. These data do not allow us to state with certainty
that the improved survival of transgene (+) animals in 100%
O, is the result of the effects of IL-11 on DNA degradation. It
is tempting to speculate, however, that interventions that alter
cellular endonuclease activity can modify the natural history of
animals in hyperoxic environments. The mechanism(s) by
which IL-11 induces protection and decreases DNA fragmen-
tation are poorly understood. The ability of IL-11 to inhibit
pS3 protein (11) and/or epithelial cell proliferation (57) might
be important in this protection. Alternatively, IL-11 might reg-
ulate the expression or function of apoptosis regulating moi-
eties such as Bcl-2 (53, 54). This is a particularly enticing hy-
pothesis since Bcl-2 has been shown to inhibit necrosis as well
as apoptosis (53, 54, 58).

The clinical decision to administer high concentrations of
oxygen to a patient is made when the perceived benefits to the
patient that result from enhanced tissue oxygen delivery ex-
ceed the pulmonary and other visceral injuries caused by the
intervention. The benefits of this administration are seen on a
daily basis in patients with readily reversible pathologies such
as cardiogenic pulmonary edema, antibiotic sensitive pneumo-
nia, and transient pulmonary atelectasis, mucus plugging,
bronchospasm, and vascular obstruction. The use of hyperoxic
gas mixtures becomes problematic, however, in conditions like
acute respiratory distress syndrome and other chronic pulmo-
nary pathologies where the time course of the disease man-
dates prolonged oxygen administration. Our studies demon-
strate, for the first time, that IL-11 has the potential to be
useful in this setting since it markedly augments survival and
diminishes 100% O,-induced pulmonary injury. They also dem-
onstrate that this IL-11-induced protective effect is likely mul-
tifactoral in pathogenesis with IL-11 inducing small changes in



lung antioxidant defenses, inhibiting hyperoxia-induced IL-1
and TNF elaboration and neutrophil infiltration, and markedly
diminishing 100% O,-induced pulmonary cell death and DNA
fragmentation. Initial human studies have shown that IL-11
can be safely administered in pharmacologic concentrations
and that ng/ml concentrations of IL-11 can be detected in se-
rum after the administration of mg/kg doses of IL-11 protein
(11). Studies from our laboratory and others have also demon-
strated that IL-11 also has anti-inflammatory effects that may
be the result of its ability to inhibit macrophage IL-1, TNF, and
IL-12 production (12, 48, 59). This contrasts impressively with
the effects of agents such as IL-1 and TNF, which also have the
ability to enhance oxygen tolerance (31-33, 45), but which do
so with a much lower therapeutic index. All in all, these studies
suggest that IL-11 is a useful agent that can shift the risk-bene-
fit analysis of chronic hyperoxic oxygen administration in favor
of the patient. Further investigation of the potential prophy-
lactic and therapeutic utility of IL-11 in the setting of hyper-
oxia-induced lung injury and other oxidant-induced injury
states is warranted.
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